Background
==========

Gene and genome duplications have long been recognized as the primary source for evolutionary novelties \[[@B1],[@B2]\]. Observations on eukaryotic genomes suggest that gene duplications arise at a high rate which is relatively uniform across species \[[@B3]\]. Furthermore, recent studies have revealed that whole genome duplication (polyploidy) has been rampant in the evolutionary course of eukaryotes, particularly the angiosperm lineage of plants \[[@B4]\]. It is estimated that the incidence of polyploidy of angiosperms is 30--80%, and ploidy changes may represent for 2--4% of speciation events \[[@B5]\]. Analyses of whole genome sequences have shown that polyploidy has occurred repeatedly in plants even with small genome size, such as *Arabidopsis thaliana*\[[@B6]-[@B8]\]. Theoretical models suggest four possible fates for duplicated genes: (1) gene loss (nonfunctionalization) \[[@B1],[@B3],[@B5],[@B9]\], (2) acquirement of novel beneficial functions (neofunctionalization) \[[@B1],[@B2]\], (3) functional complementary (subfunctionalization) \[[@B10],[@B11]\], (4) functional buffering (redundancy) \[[@B12]-[@B14]\].

It has also been proposed that expression divergence is crucial for the retention of duplicated genes in a genome, and considered as very influential on protein \[[@B15]\] and morphological evolution \[[@B16]\]. With the availability of expression data it is possible to draw a global picture of expression divergence of duplicated genes. In yeast, Gu *et al.*\[[@B17]\] found a significant positive correlation between expression divergence and sequence divergence measured by estimated rate of synonymous substitutions (*K*~S~) and nonsynonymous substitutions (*K*~A~). Based on the correlation between duplicated gene pairs with *K*~A~less than 0.3, they proposed that the expression pattern of most duplicated genes quickly diverged after duplication events. Using Affymetrix expression data, Makova and Li \[[@B18]\] analyzed the expression pattern of human duplicated genes and found a positive correlation between expression divergence and *K*~S~or *K*~A~when *K*~A~\< 0.2, in agreement with Gu *et al.*\[[@B17]\].

Recently, studies on evolution of expression patterns of duplicated genes in the *Arabidopsis*genome have been reported. Blanc and Wolfe \[[@B19]\] showed that more than half of the recently duplicated genes in *Arabidopsis*diverged in expression patterns and a significant correlation existed between sequence similarity and expression divergence of those duplicates. However, using massively parallel signature sequencing (MPSS) dataset, Haberer *et al.*\[[@B20]\] found that no significant correlation existed between expression divergence and divergence time of duplicated genes. On the other hand, recent studies have demonstrated that the pattern of expression divergence is different between genes derived from whole genome and small-scale duplications. Casneuf *et al.*\[[@B21]\] reached the conclusion that duplicated genes identified as remnants of large-scale duplications had more correlated expression patterns than those created by small-scale duplications, and the former tended to have highly redundant or overlapping expression patterns. Using MPSS and microarray data of *Arabidopsis*, Ganko *et al.*\[[@B22]\] systematically analyzed the expression pattern divergence of gene pairs derived from segmental, tandem and dispersed duplications. They found the expression patterns of tandem and dispersed duplicated genes diverged quickly soon after duplication events, and there was a strong positive relationship between expression divergence and *K*~A~, but not between expression divergence and *K*~S~. They found that about 70% of gene pairs had asymmetric expression divergence where one gene was expressed at a higher level across all assayed conditions. Chapman *et al.*\[[@B14]\] systematically analyzed SNPs in the *Arabidopsis*and rice genomes, and found that SNPs in duplicated genes encoded less radical amino acid changes than those in singleton genes. In addition to the observations that genes encoding long and complex proteins were more likely to preserve, they proposed that buffering of crucial functions may be the primary advantage of retention of duplicated genes.

As one of the most important alimentary crops, rice has served as a model plant of monocotyledons which is distinct from the dicotyledonous model plant *Arabidopsis*in many aspects \[[@B23]\]. The complexity of the structure of the rice genome has been demonstrated by its whole genome sequence \[[@B24],[@B25]\]. Recent studies have classified rice as an ancient polyploid by the identification of a large set of duplicated blocks which are recognized as the remnants of whole genome duplication events \[[@B26]-[@B29]\]. Availability of large-scale expression data of the rice genome makes it an attractive model plant for exploring the evolution of duplicated genes. To date, systematic investigation on the divergence of expression pattern of rice duplicated genes using genome-wide microarray data has not been reported. In this work, we classified all duplicated gene pairs into three types (block, tandem and dispersed pairs) according to the different duplication modes, as suggested by Ganko *et al*. \[[@B22]\]. Block pairs were duplicated gene pairs located in collinear blocks derived by large-scale duplications. Gene pairs derived by small-scale duplications were subdivided into tandem pairs with the two members closely located on the same chromosome, and dispersed pairs contained all other duplicates which were neither closely located nor lying in the collinear blocks. The three types of duplicated genes showed a significant difference in expression divergence. We further revealed a significant correlation between expression divergence and synonymous substitution rate *K*~S~which has been widely used as an indicator of divergence time. Thus both duplication type and divergence time had influence on the diverged expression pattern among duplicated genes. To assess the attribution of these two factors, we applied a linear model to the data. Our results suggested that the different expression correlation between block and dispersed duplicated genes was largely attributed to their different synonymous substitution rates. On the other hand, the different expression correlation between tandem and the other two types of duplicates was not only attributed to their different *K*~S~, but also their different duplication types.

Materials and methods
=====================

Identification of duplicated gene pairs in three classes
--------------------------------------------------------

All rice (*Oryza sativa*ssp. *japonica*) genes were obtained from the TIGR rice genome annotation version 5 <http://rice.tigr.org>. We excluded all transposable element-related genes. To select duplicated gene pairs, we performed an all-against-all protein sequence similarity search using BLASTP \[[@B30]\] with default parameters. We applied the criteria proposed by Gu *et al.*\[[@B31]\] to assign duplicated pairs: (1) the alignable region between the two sequences should be longer than 80% of the longer one; (2) the identity between the two sequences (*I*) should be *I*≥ 30% if the alignable region is longer than 150 a.a. and *I*≥ 0.01*n*+ 4.8*L*^-0.32(1+exp(-*L*/1000))^if otherwise, where *L*is the alignable length between the two sequences \[[@B32]\]. Here, we set *n*= 6 which makes the formula continuous at *L*= 150. Then we detected collinear blocks in the rice genome using the method described in \[[@B33]\] with parameters *mg*= 76 and *r*= 4, and found 501 significant collinear blocks among which 21 blocks containing more than 14 collinear gene pairs were selected as \'long blocks\'. According to the chromosomal position of duplicated genes, we further assigned duplicated gene pairs into three classes: (*i*) block pairs which reside in the long blocks, (*ii*) tandem pairs with both members lying in the same chromosome and the number of intervening genes less than *mg*, and (*iii*) dispersed pairs which included all other duplicated pairs except for those located in the significant blocks. In the case of potential false positive, we discarded duplicated gene pairs located in short significant collinear blocks because of the ambiguity of their evolutionary sources (large-scale or small-scale duplications).

Sequence analysis of duplicated gene pairs
------------------------------------------

We aligned the protein sequences of duplicated gene pairs by CLUSTALW \[[@B34]\], and used these alignments to guide corresponding coding nucleotide sequence alignments. *K*~S~estimates were obtained using the CODEML program \[[@B35]\] of the PAML package (version 4b) \[[@B36]\]. Codon frequencies were estimated by the empirical frequency of codon usage across the alignment, based on the observation of preferential codon usage in the rice genome \[[@B37]\]. As suggested by Casneuf *et al.*\[[@B21]\], we repeated calculations five times with different initial *κ*values (0.5, 1.0, 1.5, 2.0, 3.0) and used the estimates with maximum likelihood as the final estimates of *K*values to avoid incorrect estimates caused by local optimum. We discarded gene pairs with estimated *K*~S~\> 4 for further analysis to reduce the influence of potential substitution saturation \[[@B38]\].

Expression data analysis
------------------------

Our analysis was based on the microarray expression data generated by Affymetrix rice genome array with various tissues/organs including seedling root, mature leaf and young leaf, and different stages of reproductive development such as panicle and seed \[[@B39]\]. The raw data containing 45 slides for 15 samples with three replicates for each sample were downloaded from the NCBI Gene Expression Omnibus (GEO dataset ID GSE6893) \[[@B40]\]. First, we assessed the quality for all 45 arrays using the affyPLM package \[[@B41]\] of Bioconductor \[[@B42]\] and discarded one slide (GSM159192) because of the possible artefact, implied by the broken image. Expression measures for each probe set were obtained by the robust multi-array average (RMA) method \[[@B43]\] implemented in Bioconductor. Presence/Absence (P/A) calls for all probe sets in each slide were made by the MAS5 algorithm. We took a probe set to \"be present in a sample\" if and only if present calls were assigned for all replicates of that sample. Each probe set was assigned to the gene model according to Affymetrix annotation. We discarded genes with multiple splicing isoforms expressed in one or more samples. Then we calculated the absolute and relative numbers of samples in which each member of the duplicated gene pairs were expressed. The relative expression number was the ratio of the number of samples in which a gene was present, to the total number of samples the gene pair was expressed \[[@B21]\]. The absolute expression number indicates the expression breath of duplicated genes and the relative expression number is a proxy of expression identity \[[@B21]\]. To measure the expression divergence of two duplicated genes, the Spearman correlation coefficient *ρ*was calculated for each pair accordingly.

Regression analysis
-------------------

To evaluate the attribution of duplication mode and *K*~S~to the expression divergence between duplicated genes, we applied a simple linear model to fit the data:

Here, *Y*is the transformed expression correlation log \[(1+*ρ*)/(1-*ρ*)\] which has a more appropriate scale for linear regression in comparison with the original correlation coefficient *ρ*\[[@B17]\], *K*~S~is the estimate of synonymous substitution rate, *I*~B~and *I*~T~are dummy variables to indicate duplication class, *X*~B~and *X*~T~are interaction of *K*~S~and duplication class, *ε*is the random error. We set

First, we applied the ordinary least square estimation to fit the modal and evaluate the significance of each regression coefficient by *t*-test. To mitigate the influence of violation of restrict assumptions of linear model and potential outliners, we applied MM-estimation \[[@B44]\] to obtain robust estimates of regression coefficients. Then we calculated 95% percentile confidence intervals for these regression coefficients by non-parametric bootstrap (the number of replicates = 5,000). Taking randomness of the predictors into consideration, we performed case resampling but not residual resampling \[[@B45]\]. The significance of regression coefficients was assigned by the corresponding 95% confidence intervals. Furthermore, we performed local regression to explore the local trend between the expression correlation and the *K*~S~values using the R locfit package.

For gene families containing more than two genes, it is possible for a gene to be present in more than one gene pairs, which violates the independent distributed assumption of the linear model. Therefore, we applied Spearman correlation coefficient, robust regression and bootstrap to mitigate the unduly influence of such violation of model assumptions. We also selected independent pairs proposed by Gu *et al.*\[[@B17]\] to investigate the influence of correlation of duplicated pairs. For each gene family, we first selected the pair with the smallest *K*~S~\> 0.01, then chose pairs with increasing *K*~S~which did not share genes in common with other selected pairs. We performed all the analyses to the independent pairs.

Results
=======

Expression pattern divergence varies with duplication mode
----------------------------------------------------------

A total number of 3,306 duplicated gene pairs were identified from the *Oryza sativa*ssp. *japonica*genome. Based on the statistical approach proposed previously \[[@B33]\], we detected and evaluated collinear blocks which corresponded to the large-scale duplication events. The whole set of duplicated genes were further divided into 716 block pairs, 849 tandem pairs and 1,741 dispersed pairs according to their duplication modes. Block pairs that were still lying in recognizable duplicated collinear segments were regarded as pairs derived by large-scale duplication events. Tandem pairs and dispersed pairs were referred to small-scale duplications and created by different mechanisms \[[@B46]\].

To investigate whether the different types of duplication events had effects on expression pattern divergence of duplicated gene pairs, we first calculated the Spearman correlation coefficient between the two expression patterns for each pair and applied Mann-Whitney U test to assess the difference in the distributions of expression correlation (Figure [1](#F1){ref-type="fig"}). Both block and tandem pairs showed a significantly higher correlation in expression than dispersed pairs (both *p*values \< 0.005). However, no significant difference was found in the distributions of expression correlation between block and tandem pairs (*p*value = 0.24).

![**Histogram of Spearman correlation coefficients (*ρ*) of expression**. Block pairs are indicated by blue, tandem pairs by red, and dispersed pairs by green.](1471-2105-10-S6-S8-1){#F1}

Next, we considered the absolute number of samples in which genes were expressed as an indicator of the expression breadth \[[@B21]\]. For block pairs, both members tended to express in a large number of samples (Figure [2a](#F2){ref-type="fig"}). Although this tendency was still recognizable for dispersed pairs, some of them had both members expressed in a small number of samples (Figure [2b](#F2){ref-type="fig"}). On the other hand, tandem duplicates tended to express in a small number of samples (Figure [2c](#F2){ref-type="fig"}). The relative expression number can be used to discriminate between redundancy, complementary and asymmetric divergence \[[@B21]\]. Figure [3](#F3){ref-type="fig"} showed the distributions of relative number of samples for block, tandem and dispersed pairs. All three groups had a high density close to the range of (0.8, 1.0\], suggesting a redundant expression mode. Nevertheless, both tandem and dispersed groups had larger proportions of pairs expressed asymmetrically and complementarily than those in the block group, and this discrepancy was more manifest for tandem duplicates (Figure [3b, c](#F3){ref-type="fig"}).

### Expression divergence is correlated with synonymous substitution rate

We explored the relationship between expression divergence and synonymous substitution rate *K*~S~which is widely adopted to approximately represent divergence age \[[@B38]\]. Not surprisingly, a significant correlation was found between expression correlation and *K*~S~estimates for duplicated gene pairs with Spearman correlation test (*ρ*= -0.14, *p*value = 7.0 × 10^-16^). The local regression curve (Figure [4](#F4){ref-type="fig"}) showed that the expression correlation declined as *K*~S~increased. Moreover, such downward tendency of expression correlation was more obvious when *K*~S~was small, implying quick divergence in expression patterns after the duplication events.

The difference in expression correlation between block and dispersed pairs could be mainly attributed to synonymous substitution rate
-------------------------------------------------------------------------------------------------------------------------------------

![**Distribution of absolute number of samples in which duplicated gene pairs expressed**. (a) block, (b) dispersed, and (c) tandem pairs. Each cell corresponds to a range of absolute number of samples. The top-right cell represents both members of gene pairs expressed in 13--15 samples; the bottom-left cell represents both members expressed in 1--3 samples; the bottom-right cell represents gene 1 expressed in 13--15 samples and gene 2 expressed in 1--3 samples. Gray scales indicate the number of duplicated pairs within the corresponding squares. Since two members of duplicated pairs are unordered, we set the expression number of gene 1 less than that of gene 2 for each duplicated pair.](1471-2105-10-S6-S8-2){#F2}

![**Distribution of relative numbers of samples in which duplicated gene pairs expressed**. (a) block, (b) dispersed, and (c) tandem pairs. Each cell corresponds to a range of relative number of samples. The top-right cell represents the relative number of both members in the range of (0.8, 1.0\]; the bottom-right cell represents the relative number of gene 1 in the range (0.8, 1.0\] and that of gene 2 in the range of (0.0, 0.2\]. Cells near the centre represent the relative number of both members close to 0.5. Gray scales indicate the number of duplicated pairs within the corresponding squares. Here we also set the expression number of gene 1 less than that of gene 2 for each duplicated pair. By the definition of relative expression number, the sum of relative expression numbers of two members should greater than or equal to one.](1471-2105-10-S6-S8-3){#F3}

Distribution of *K*~S~(Figure [5](#F5){ref-type="fig"}) showed that dispersed pairs had significantly higher *K*~S~values than block and tandem pairs (Mann-Whitney U test, both *p*values \< 2.2 × 10^-16^), and a significant difference existed between *K*~S~of block and tandem pairs (Mann-Whitney U test, *p*value = 1.3 × 10^-6^). On the other hand, a negative correlation was observed between expression correlation and synonymous substitution rate as reported above. We further evaluated the attribution of duplication mode and *K*~S~. The conventional ANOVA was not applicable to our case since the number of gene pairs in each duplication type was extremely unbalanced. Instead, a simple linear model (formula (1)) was applied. The significance of regression coefficient can be used to indicate the attribution of the corresponding term to the difference of expression correlation. Parametric statistical test (t-test) of ordinary least square estimates (Supplementary table 1 in Additional file [1](#S1){ref-type="supplementary-material"}) showed that regression coefficients except for *β*~2~and *β*~4~were significant (*p*values \< 0.001). Bootstrapping MM-estimates of coefficients (Supplementary table 2 in Additional file [1](#S1){ref-type="supplementary-material"}) also showed the same results, all coefficients but *β*~2~and *β*~4~were significant at 5% level. These results suggested that the difference in expression correlation between block and dispersed pairs could be mainly attributed to the difference of divergence time. On the other hand, the difference in expression correlation between tandem pairs and the other two types was attributed to the difference in both divergence time and duplication mode.

![**Scatter plot of synonymous substitution rate (*K*~S~) and transformed expression correlation coefficient log \[(1+*ρ*)/(1-*ρ*)\]**. The solid line is the fitted curve by local regression indicating the relationship between *K*~S~and transformed correlation coefficient of expression for duplicated gene pairs.](1471-2105-10-S6-S8-4){#F4}

![**Histogram of synonymous substitution rate (*K*~S~)**. Block pairs are indicated by blue, tandem pairs by red, and dispersed pairs by green.](1471-2105-10-S6-S8-5){#F5}

Discussion
==========

In agreement with publications on *Arabidopsis*\[[@B21]\], we found a significant difference between expression divergence patterns of duplicated genes derived from different duplication modes, i.e., large-scale duplication, tandem duplication and dispersed duplication. Previous studies have shown that a positive correlation between expression divergence and sequence divergence existed in duplicated genes in yeast \[[@B17]\], human \[[@B18]\] and *Arabidopsis*\[[@B21],[@B22]\]. In this study, we also found a significant correlation between expression divergence and synonymous substitution rate for rice duplicated genes. In addition, we evaluated the attribution of the duplication mode and divergence time to the expression divergence of duplicated genes. Our analysis suggested that for block and dispersed pairs, divergence time played an important role in modeling the divergence of expression pattern, while duplication type had less contribution to the expression pattern divergence. On the other hand, difference in expression divergence between tandem pairs and other duplicated pairs could not be explained by divergence time only.

To obtain a reliable dataset, we applied the relative stringent criteria \[[@B31]\] to identify duplicated pairs and the statistical model \[[@B33]\] was used to detect collinear blocks in the rice genome. All pairs located in short significant collinear blocks were discarded to ensure the unambiguous classification of duplicated pair. A quality control was performed to the raw microarray data and one slide with possible artifacts was not used. Stringent criteria were adopted to filter the expression data. Due to the high divergence of rice duplicated genes \[[@B29],[@B47]\], we adopted a fairly loose empirical constraint for *K*~S~(*K*~S~\< 4) in this study. We also investigated the subsets of our data with various *K*~S~constraint (*K*~S~\< 3.0, 3.5, 4.5, 5.0) and reached similar results. Such consistency also suggested the robustness of our results. However, some genes were present in more than one gene pairs, which violated the independent assumption of the linear model. Therefore, in addition to ordinary least square estimation and parametric statistical test, we applied robust estimation and non-parametric bootstrap to regression coefficients to obtain reliable results. Furthermore, to check the influence of such violation of assumption, we selected independent pairs following the method proposed by Gu *et. al.*\[[@B17]\] and performed all analyses on this subset. The analysis results of this subset were consistent with that of the whole dataset (Additional file [2](#S2){ref-type="supplementary-material"}).

It has long been known that gene duplication is rampant in evolution. However, the driving force behind this is still elusive. Functional complementation from duplicated genes has long been proposed as a mechanism for the emergence of gene network robustness \[[@B12]\]. Previous investigations have indicated the significant role of duplicated genes on genetic robustness in yeast \[[@B48]\] and *C. elegans*\[[@B49]\]. Chapman *et al.*\[[@B14]\] analyzed the coding sequences and SNPs between duplicated genes and singleton genes in the rice and *Arabidopsis*genomes, and proposed that buffering of critical functions may be especially important in the retention of duplicated genes. In our study, expression patterns, especially the distribution of relative numbers of expressed samples, showed that a large number of duplicated genes in all three classes expressed in a redundant or overlapping manner. This tendency was most obvious for block pairs derived by large-scale duplications, which was also reported in *Arabidopsis*\[[@B21]\]. Our results are consistent with previous observations and suggest that functional buffering may play an important role in the retention of duplicated genes. On the other hand, tandem genes showed a distinguished expression pattern in comparison with the other two classes of duplicated genes. The most obvious difference was the expression breadth. Many tandem pairs had both members expressed in a small number of samples. Moreover, in spite of their recent origin, tandem duplicated genes showed stronger signal for asymmetry and complementary expression than the dispersed pairs, which could not be explained by the buffering model only. Such quick divergence of recently duplicated genes could also be found in *Arabidopsis*\[[@B22]\]. Finally, the difference of expression pattern between tandem pairs and the other pairs suggests that neofunctionalization and subfunctionalization may play important roles in the evolution of tandem pairs.

Conclusion
==========

In this study, we used genome-scale expression data to examine the expression divergence patterns of rice duplicated genes. A significant difference in expression divergence patterns was revealed for duplicated gene pairs generated through different types of duplications. Furthermore, our results indicated a correlation between the expression divergence measured by the Spearman correlation coefficient and the sequence divergence measured by synonymous substitution rate. We evaluated the attribution of these two factors and found that the difference in expression divergence between block and dispersed duplicated genes can be largely explained by their different sequence divergence. On the other hand, tandem duplication showed a special expression divergence pattern in comparison with the other two types of duplicates, implying their difference in the evolutionary course. To our knowledge, this is the first attempt for a systematic investigation of expression divergence pattern for duplicated genes in the rice genome.
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